Crowdions being interstitial atoms located in closely packed atomic rows, play an important role in relaxation processes occurring in metals and alloys under severe external impacts effectively transferring mass and energy. Dynamics of crowdions motion is well studied for pure metals, while for intermetallic alloys this issue has not previously been addressed. It was earlier shown that the so-called N crowdion that involves more than one atom in its 1D motion is much more effective in frames of propagation path and excitation energy that 1crowdion. In the present study, the motion of 1-and 2-crowdions in the Ni3Al intermetallic alloy, was studied by means of the molecular dynamics method. N-crowdion was excited by providing the same value of initial energy to N neighbouring atoms along the close-packed atomic row. It was shown that the studied crowdions can propagate along the biatomic close-packed row, but show strong instability when moving in monatomic close-packed directions. It has been established that 2-crowdions have a mean free path 2-2.5 times longer than 1-crowdions with the same initial velocity. It was also revealed that the mean free path of the nickel atom initiated crowdion than that initiated on the aluminium atom. The results suggest a higher efficiency of 2-crowdions in mass transfer in the Ni3Al intermetallic alloy. In further works, it is proposed to study the possibility of launching 2-crowdions by bombarding the crystal surface with biatomic molecules.
Introduction
Many physical processes such as plastic deformation, heat treatment, irradiation, etc., are inevitably connected with the process of the mass transfer by means of point defects motion. Interstitial atoms have a higher energy and, therefore, their concentration at thermal equilibrium is much smaller than that of vacancies, but their role significantly increases in non-equilibrium processes. Crowdion is a type of point defect where an extra atom is placed in a closely packed row of the crystal lattice being in fact a particular case of interstitial atom [1] [2] [3] [4] . Crowdions can exist in a stationary state or move with subsonic or supersonic velocity [1, 4] . In this paper, we study supersonic crowdions in the crystal structure of Ni3Al. Interest in nickel aluminides is associated with their high mechanical properties, high corrosion resistance, oxidation resistance at elevated temperatures and abnormal dependence of the yield strength [5, 6] . For this reason, it is extremely important to study the mass transfer processes in the aluminide Ni3Al with a particular attention to the interaction of Al and Ni atoms in one close-packed row in case of dynamic collision. The atomic mass difference of Ni and Al being a factor 2.175 is a possible obstacle for crowdion initiation analyzed in this work. It is important to notice that the propagation of crowdion relates to nanoscale processes both in space and time dimensions. Taking into account this condition, one can conclude that experimental study of this phenomenon is almost an impossible task and the power of computer simulations could provide invaluable assistance in understanding the mechanisms of mass transfer in biatomic systems. The most suitable method in this case is the molecular dynamics method, which established itself as a powerful tool for investigation of nonlinear small scale phenomena in different lattices including metals [3, 7] , intermetallides [8] and new low dimension materials [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Experimental validation of simulation results for the case of trapping of He clusters by inert-gas impurities in tungsten is provided in [22] and demonstrates a suitable coincidence of results. In this work, the molecular dynamics method was used for analysis of the crowdion propagation scenarios in closely packed rows of the Ni3Al lattice with different initial conditions.
Simulation details
In this paper, we consider the fcc Ni3Al lattice with the lattice parameter a = 3.589 Å and the interatomic distance d=a/√2. The x and y axes are oriented along the closely packed directions <1 1 0> and <1 ̅ 10>, respectively and the z axis is oriented along the <0 0 1> direction (figure 1). A small perturbation of order 10 −5 degrees was introduced along the y axis. Atoms in the same closely packed row (red) are numbered by the index N. The number of cells along the x,y and z axis was equal to 20, 6 and 8 respectively. The total number of atoms was 7,680. The aim of the work was to study solely supersonic crowdions without taking into account any corresponding disturbances. Periodic boundary conditions were used. No thermal fluctuations were introduced, i.e., the simulation was performed at a temperature of 0 K. The initial velocities of all other atoms and the initial displacements of all atoms in the computational cell were set to be zero. Thus, the total energy of the system was equal to the kinetic energy of the excited atoms at initial time was equal to T0=NM(Vx) 2 /2 where the contribution from the small transverse component of the initial velocity is not taken into account. It should be recalled that in our model the mass of the atom Ni = 58.6934 a. e. m., the mass of the atom Al = 26.9815386 a. e. m. The LAMMPS software package was used for simulation.
Simulation results
Starting point of the work was simulation of 1-and 2-crowdions launching in close-packed biatomic and monatomic rows with the same initial velocity. It was found that in the monoatomic rows a strong instability appears shortly after crowdion emergence and thus on cannot observe the propagation of BNM IOP Conf. Series: Materials Science and Engineering 672 (2019) 012033 IOP Publishing doi:10.1088/1757-899X/672/1/012033 3 crowdions in monoatomic rows of the Ni3Al lattice. This is due to the nonlinear nature of the interaction of the studied monoatomic row with its neighboring biatomic rows. This interaction creates an on-site potential with low degree of periodicity thus making impossible the stable motion of the crowdion. Investigation of crowdions emerged in biatomic rows revealed their successful propagation that was, however, accompanied by certain peculiarities related to the difference in the masses of neighboring atoms. In figure 2 , one can see the dependence of the propagation distance of the 1-and 2-crowdion on the initial energy of atoms. First of all, it is clearly seen that 2 crowdion is much more efficient in frames of mass transfer. Secondly, 1-crowdion initiated on Ni atom has almost twice longer propagation path which is probably due to larger atomic mass of Ni. The same refers to the 2-crowdion complex where the case of Ni -Al system has the propagation length about 80 interatomic distances while that for Al -Ni case is about 47 units. Plots presented in figure 3 show the increase of the propagation efficiency of the 2-crowdion by comparison to that of the 1-crowdion. As it was earlier noted, both 1-and 2-crowdions with starting Ni atom propagate further than similar crowdions with an Al atom in the beginning. For instance for the case of initial velocity of 130 Å / ps, a 1-crowdion with a left Al atom travels 12 interatomic distances, and a 2-crowdion decays after passing through 41 interatomic distance. In the case of the left Ni atom with the same initial velocity, the 1-crowdion travels 38 interatomic distances, and the 2-crowdion BNM IOP Conf. Series: Materials Science and Engineering 672 (2019) 012033 IOP Publishing doi:10.1088/1757-899X/672/1/012033 4 travels 60 interatomic distances before it decays. Consequently, the mass of the starting atom plays an important role in the range of the crowdion. At an initial velocity of 120 Å/ps and higher, the propagation length of the 1-crowdion sharply increases, which is probably due to the appearance of an additional vacancy (see figure 3b ) in the studied close-packed row. This is due to the emergence of the mass transfer process in dynamics similar to the movement of a 1-crowdion. The mean free paths of the 1-and 2-crowdions excited in Ni3Al were compared with the 1-and 2crowdions that were triggered in the pure Ni and Al lattices (see figure 4 ). One can note that the 1crowdion in pure Al and Ni propagates further than the 1-crowdion in the Ni3Al intermetallic compound with the left Al or Ni atom, respectively. For the 2-crowdion in Al and Ni3Al, the mean free paths differ slightly in the studied velocity range. The latter can be explained by greater stability of the dynamics of the 2-crowdion in Al and to the faster attenuation of the 2-crowdion in Ni3Al, which is associated with a larger mass difference.
Conclusions
In this paper, the possibility of the movement of 1-and 2-crowdions in the biatomic close-packed row of the Ni3Al structure was shown. The results suggest that launching of 2-crowdions is energetically more efficient comparing to 1-crowdion. It was shown that the mass of the initial atom plays an important role in the process of mass and energy transfer. Attempts to launch 1-and 2-crowdions in a monoatomic close-packed series have not been successful due to the low-symmetry arrangement of atoms of various kinds in the close-packed rows surrounding the monoatomic rows under consideration. Present study being the first attempt of analysis of the crowdion propagation in biatomic systems allowed to reveal a number of features contributing considerably to the efficiency of mass and energy transfer in intermetallic alloys.
